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Longitudinally Detected ESR Magnetometer for Wide-Range
Measurements of Low Fields
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A new magnetometer utilizing a longitudinally detected ESR
(LODESR) method was developed. The probe head of the LODESR
magnetometer is equipped with a single-turn coil (8 mm in diame-
ter) which has a very wide bandwidth because the reactance of the
coil is always smaller than the resistance of the transmission line
(50 ohm) at frequencies less than 700 MHz. Thus, an absolute mag-
netic field could be measured over a wide range (2 to 9 mT) using this
magnetometer without changing the probe head. C© 2001 Academic Press

Key Words: longitudinally detected ESR; magnetometer; mag-
netic field measurements; wide-range measurements; single-turn
coil.
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INTRODUCTION

Absolute magnetic field measurements in low fields less
10 mT are important for calibrating electromagnets, such as
field gradient coils of magnetic resonance imaging systems
this purpose, an ESR magnetometer has been employed (1–3).
A method that uses this magnetometer is based on measurin
resonant frequency,f0, of the electron spins, which is related
the static magnetic field,B0, by B0 = h f0/gβ (h, Planck’s con-
stant;β, Bohr magneton). By using this equation, the abso
magnetic field can be calculated from the resonant freque
because theg-value is barely affected by variations in some p
rameters, such as temperature. For measuring wide rangeB0, the
resonant frequency varies widely; therefore, the magnetome
probe head should have a sufficiently wide bandwidth. By ut
ing the ESR magnetometer, the resonant frequency is determ
from the frequency at which the radio waves are absorbed
it is necessary to use the probe head where this absorptio
be detected. When a resonator is used for this purpose to o
sufficient sensitivity, the probe head must have a very nar
bandwidth. To overcome this problem in the resonator, an
tuned probe head with a delay-line structure was designed (2, 4).
Despite employing the delay line, the plural probe heads mu
changed to measure fields less than 10 mT (2). Thus, it is difficult
to measure a wide-rangeB0 with the ESR magnetometer.
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The longitudinally detected ESR (LODESR) method is one
the techniques designed to observe ESR. With this technique
signal is derived from a longitudinal (i.e., parallel toB0) oscil-
lation of the magnetization caused by spin flipping under on
modulated ESR irradiation (5–9). Because the radio waves a
only necessary to excite the electron spin of the paramagn
species in LODESR, a device such as the resonator is not alw
necessary. A single-turn coil can be used to irradiate the elec
spins with radio waves. Because the current in a single-turn
that has a relatively small diameter approximates to the short
rent in a transmission line over a wide RF range, the bandw
of the coil is very wide (9). In this study, a new magnetomete
utilizing the LODESR method was developed. Because a pr
head equipped with a single-turn coil has a wide bandwidth
was possible to measure a wide range ofB0.

RESULTS AND DISCUSSION

LODESR Magnetometer

The block diagram of our LODESR magnetometer is sho
in Fig. 1. Its probe head consists of a paramagnetic specie
irradiation coil, and a pickup coil.

The paramagnetic species is irradiated with radio waves
using the irradiation coil. When the radio waves are on/off m
ulated under ESR conditions, the longitudinal oscillation of
magnetization of the paramagnetic species is detected by
pickup coil. The frequencies of the radio waves are swept,
then one searches for the peak of the LODESR signal of
paramagnetic species. The frequency at which this peak app
is the resonant frequency of the paramagnetic species. Th
soluteB0 strength is obtained from the resonant frequency a
the g-value of the paramagnetic species by using the abo
mentioned equation.

Fifty milligrams of 1,1-diphenyl-2-picrylhydrazyl (DPPH
was used as the paramagnetic species. Itsg-value is 2.0036 (10).
The anisotropy of theg-value of the DPPH powder was not ob
served at resonant frequencies less than 700 MHz.

The irradiation coil is a single-turn coil with a diameter
8 mm. It is made of copper wire (1 mm in diameter) and s
dered to a semirigid coaxial cable (3.5 mm in diameter), wh
has a characteristic impedance of 50 ohm. Under this condit
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FIG. 1. Block diagram of our LODESR magnetometer. Its probe head c
sists of a paramagnetic species, an irradiation coil, and a pickup coil.

the single-turn coil can be used over a wide band because
reactance of the inductor is always smaller than 50 ohm at
quencies under 700 MHz (9). The RF reflection level in the
single-turn coil was investigated by using a network analy
(Model No. 8714C, Hewlett-Packard, Palo Alto, CA; frequen
range, 0.3 to 3000 MHz). The change in the reflection levels
tween 20 and 300 MHz was less than 0.4 dB. The DPPH pow
was inserted into the center of the single-turn coil.

A pair of saddle-type pickup coils (STPCs) (7–9) was used
to detect the change in magnetization in DPPH. The single-
coil was inserted into the center of the pair of STPCs.

Measurements of Static Magnetic Fields

The probe head of the LODESR magnetometer was inse
into B0 to measure it.B0 was generated using a commercia
available electromagnet (modified RE3X, JEOL, Tokyo, Japa
Before this experiment, the magnetic field at the center of
electromagnet was calibrated using a conventional gaussm
(ML-IV, Magnet Laboratories, Inc., Tokyo, Japan; field rang
1 to 3000 mT; error,±1.5%).

Figure 2 shows the results of the wide-range measuremen
B0 using the LODESR magnetometer with a single probe h
(frequency sweep width, 270 MHz). When theB0 strengths were
set at 2.6 (Fig. 2a), 4.1 (Fig. 2b), 5.6 (Fig. 2c), 7.1 (Fig. 2d), a
8.6 mT (Fig. 2e), the LODESR signals of DPPH appeared
frequencies of 71.9166 (Fig. 2a), 115.9781 (Fig. 2b), 158.5
(Fig. 2c), 200.7369 (Fig. 2d), and 243.8431 MHz (Fig. 2

respectively; and theB0 strengths that were computed from
these frequency were 2.5645 (Fig. 2a), 4.1358 (Fig. 2b), 5.65
(Fig. 2c), 7.1582 (Fig. 2d), and 8.6954 mT (Fig. 2e). These valu
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were in accordance with the setB0 within the margin of er-
ror of the gaussmeter (±1.5%) (11). This shows that when the
LODESR magnetometer is used without changing the pro
heads, it is possible to measureB0 over a wide range (from 2 to
9 mT).

The signal amplitudes in Fig. 2 are roughly proportional toB0

with a deviation of±15%. For longitudinal detection, the sig
nal amplitude is directly proportional to theB0 strength when a
constant magnetic field of radio waves (B1) is applied (9). In a
lower frequency band (less than 250 MHz),B1 is almost con-
stant when a constant power is applied. The degree of devia
from the proportional relationship between the LODESR sign
amplitude andB0 is in accordance with variations in the RF re
flection level of the single-turn coil and variations in the ga
of the power amplifier that is connected to the single-turn c
(i.e., variation in applied power) at different frequencies. T
variation in signal amplitudes can be compensated by calib
ion (9).

There is a small signal at ca. 107 MHz in all of the spec
in Fig. 2. This is not an ESR signal because it appears at
same frequency despite applying differentB0. The current in
a single-turn coil (i.e.,B1 strength), the diameter of which is
relatively small, approximates to the short current in a transm
sion line over a wide RF range (9). However, the appearanc

FIG. 2. Experimental results for wide-range measurements ofB0 strength
using the LODESR magnetometer with a single probe head.B0 was set at 2.6 (a),
56
es

4.1 (b), 5.6 (c), 7.1 (d), or 8.6 mT (e). The instrument settings for wide-range
measurements were start and stop frequency in sweeping, 20 and 290 MHz;
sweep time, 30 s; average power, 0.4 W at 290 MHz.
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of standing waves is unavoidable because the output imped
of the power amplifier that is connected to the single-turn c
is not perfectly matched to 50 ohm. Therefore, it is presum
that the radio waves with an augmentedB1 at a frequency where
standing waves occur are rectified and appear as a small sig
Fig. 2 despite the low pass filter connected between the pic
coils and preamplifier. Such a signal was observed at a diffe
frequency when the length of the transmission line was chan
This supports the explanation given above.

In B0 (the same as that under the condition shown
Fig. 2d), the narrow-range measurements (frequency sw
width, 4 MHz) were made using the LODESR magnetome
The LODESR spectrum obtained near its peak for a bandw
of 1 MHz was fitted by the method of least squares (Fig. 3). T
preciseB0 strength was obtained from the resonant frequen
which was derived from the peak point of the fitted curve. Us
this measuring method, the standard error, calculated from
independent determinations, was±0.017µT (i.e.,±2.4×10−6).
This value is smaller than that obtained with a commercia
available ESR magnetometer (12).

The g-value of DPPH was measured to an accuracy
±50 ppm at 10 mT by calibratingB0 with an NMR magnetome
ter (10). Thus, the absolute value ofB0 measured with DPPH in
this study was to five significant figures. However, reproduci
ity in measuringB0 by the LODESR magnetometer mainly d
pends on the accuracy of the RF signal source because tem
changes in theg-value are negligible. The high reproducibilit
of our magnetometer (error,±2.4× 10−6) is not inconsistent
with the high accuracy of the RF source (frequency error,
than 2×10−8/day) (13). In the conventional ESR magnetomet

FIG. 3. Example of narrow-range measurements ofB0 (the same as tha
under the condition shown in Fig. 2d) by using the LODESR magnetomete
a precise determination. The instrument settings were similar to the wide-r
measurements (see Fig. 2), except for the sweep width, which was 4 MHz
LODESR spectrum obtained near its peak for a bandwidth of 1 MHz was fi

by the method of least squares (solid line, raw data; dashed line, fitted cur
The preciseB0 strength was obtained from the resonant frequency, which w
derived from the peak point of the fitted curve.
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signals are detected with magnetic field modulation (2, 11), so
the magnetometer itself perturbsB0. Thus, the reproducibility
with the ESR magnetometer would be limited by other con
tions (such as the accuracy of the magnetic field modulatio
addition to the accuracy of the RF source.

In this study, a LODESR magnetometer for low fields w
newly introduced. This is the first study to apply the LODE
method to measureB0. In a conventional ESR magnetometer,B0

is determined from radio wave absorption under ESR irradiat
In applying the LODESR magnetometer, it is determined fr
the longitudinal change in magnetization under ESR irradiat
Its main advantage over a conventional ESR magnetome
that a wide range ofB0 can be measured without changing t
probe head.

EXPERIMENTAL

RF Irradiation

The radio waves were generated by a synthesized osci
(Model No. MG3633A, Anritsu, Tokyo, Japan; frequency ran
10 kHz to 2700 MHz; frequency error, less than 2× 10−8/day),
on/off modulated by a pin switch (ZYSWA, Mini Circuit, New
York; frequency range, DC to 5 GHz; switching time, 5 n
and a function generator (Model No. AFG320, Sony-Tektron
Tokyo, Japan; frequency range, 0.01 Hz to 16 MHz), am
fied by a power amplifier (Model No. A1000-1S-M, R&K, Fu
Japan; gain, ca. 20 dB; output impedance, 50 ohm; frequ
range, 20 to 800 MHz; max power, 1 W), and applied to
irradiation coil. The duty factor in the on/off modulation of th
radio wave was 0.5.

Pickup Coils

A pair of STPCs (7–9) was used to detect the change in m
netization in DPPH. Each coil of the pair was constructed fr
15 turns of copper wire (0.3 mm in diameter). The outer dia
eter of the coil measured 30 mm. These coils were pasted
a cylindrical quartz glass tube (38 mm in outer diameter).

LODESR Signal Detection

The longitudinal change in magnetization induced a sig
in the pair of STPCs at a modulation frequency of 1.3 MH
LC matching circuits were used to match the impedance o
pickup coils with the input impedance of the preamplifiers at
modulation frequency. TheQ-value of the STPCs is 22. To avo
rectifying the modulated RF, a low pass filter (Model No. SLP
Mini Circuit; cutoff frequency, 6 MHz) was connected betwe
the pickup coils and the preamplifier. The signals from the r
and the left STPCs, which have opposite polarities, were am
fied separately by two preamplifiers (Model No. SA-230F5,
Corp., Yokohama, Japan; gain, 46 dB; input impedance, 50 o
ve).
as

frequency range, 1 kHz to 100 MHz; noise figure, 0.6 dB). The
difference in outputs from the preamplifiers was amplified by
a differential amplifier (Model No. 5305, NF Corp.; frequency
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range, DC to 10 MHz) to reduce common mode noise. T
LODESR signals were detected by a lock-in amplifier (Mod
No. 5202, PARC, Princeton, NJ; frequency range, 0.1 to
MHz) at the on/off modulation frequency.
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